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Introduction
Deposition of nanometer-scale layers of metal chalcogenides by the successive ionic layer adsorption and reaction (or SILAR) technique is a convenient and commonly used method of producing electrodes for quantum-dot-sensitized solar cells (QDSSCs). SILAR can be applied to deposit metal sulfides (CdS, ZnS, PbS, Bi 2 S 3 , In 2 S 3 , Sb 2 S 3 , Cu x S, etc.) [1−5] , selenides (PbSe [6, 7] , CdSe [5, 8−10] ), and tellurides (CdTe [5, 11] ). A metal chalcogenide layer is formed by immersion of a substrate into solution of a metal salt (nitrate, acetate, sulfate, etc.) followed by rinsing with a solvent (water, alcohol) and immersion into solution of sodium sulfide (Na 2 S), Na 2 SeSO 3 , or Se (IV) and Te(IV) compounds in the presence of a strong reducing agent. The thickness of a chalcogenide layer is incremented by repetitions of the SILAR procedure for a desired number N of cycles. Such method is attractive from the viewpoint of simplicity, low cost, easy control of the amount of deposited metal chalcogenide (by varying the N), as well as tailoring the optical and electrophysical properties of the deposit changing the concentration, temperature and pH of the metal and chalcogene source solutions.
The band gap E g of a semiconductor-sensitizer is a crucial parameter affecting the light conversion efficiency in QDSSCs. In some reports (see, for example, refs. 12-14 and references therein) the SILAR method was found to produce CdS deposits with a lower bandgap as compared to that of the products obtained by other deposition techniques. A detailed analysis of the pronounced "red" E g shift (up to 10%) of the CdS films produced by SILAR on the surface of zinc oxide with the cycle number N increasing up to 100−200 was reported in [13] . It was argued [13] that the red shift is not due to a change in bandgap of the CdS layer but rather to a pronounced subbandgap tailing, which is amplified by the high surface area in the composite film. Another possible interpretations of the band gap shrinkage were also discussed in [13] , such as electron transitions between the CdS valence band and the ZnO conduction band, surface absorption and hybridization of Cd−Cd bonds between adjacent NPs.
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In our previous work we have shown that the CdS nanoparticles deposited at a SILAR cycle number (N) from 5 to 10 exhibit a broadening of the band gap by 0.17-0.31 eV as compared with that of the CdS particles grown at N = 30 [14] . The photocurrent spectroscopy of ZnO/CdS heterostructures have shown that the band gap of CdS NPs deposited at N > 20 is smaller by ~0.08 eV than that of bulk cadmium sulfide. It was concluded that this effect is not associated with photoexcitation of structural defects but rather reflects intrinsic electronic properties of SILARdeposited CdS nanoparticles.
The present paper is aimed at further understanding of the origins of red shift in the photocurrent spectra of ZnO/CdS heterostructures with an increase of the cycle number N of the SILAR deposition of cadmium sulfide NPs onto the ZnO platelets. A special focus is made on distinction of the contributions of band-gap (BG) and sub-band-gap (SBG) photoelectrochemical processes into the photoactivity of ZnO/CdS heterostructures with different N. Particularly the photocurrent onset-potentials for BG and SBG photoelectrochemical processes as well as IPCE and
Urbach energy dependencies on the CdS SILAR deposition cycle number are revealed.
Experimental
ZnO coatings were electrodeposited on the surface of FTO plates. In a typical procedure, the controlled by a conventional potentiostat Elins P8 (Russia). Photocurrent-potential curves and photocurrent action spectra were obtained using a set-up equipped with a high-intensity grating monochromator, a 1 kW xenon lamp and a slowly rotating light chopper (0.3 Hz). Spectral dependences of the photocurrent and light intensity distribution at the monochromator output were used to calculate the incident photon-to-current conversion efficiency (Y).
Raman spectra were registered at room temperature using a confocal Nanofinder HE (LOTIS TII, Belarus -Japan) spectrometer. Solid-state laser emitting at 473 nm (h = 2.62 eV) was used for excitation of the samples. Scattered light without analysis of its polarization was dispersed on a diffraction grating with 1800 lines per mm with the spectral resolution not lower than 1 cm −1 and detected using a thermostated CCD camera with a signal acquisition time of 120 s. Calibration was performed using a built-in gas-discharge lamp with an accuracy better than 1 cm −1 .
X-ray diffraction analysis was performed on a Bruker D8 Advance diffractometer (copper К  irradiation, λ = 0.1540 nm) in a range of 2θ = 10° − 90° and a scanning rate of 1 grade per min.
Crystallinity, phase composition and morphology of samples were analyzed by transmission electron microscopy (TEM) and selected-area electron diffraction (SAED) in plan-view geometry using a Philips CM20 instrument operating at 200 kV. Prior to TEM measurements the prepared films were carefully scraped, ultrasonically dispersed in distilled water and transferred to copper grids covered with a collodion film.
Absorption isotherms were obtained with N 2 at 77 K by using an ASAP 2020 (Micromeritics, USA) analyzer. The surface area was calculated from a linear part of the Brunauer-Emmett-Teller (BET) plot. The pore size distribution was estimated using the Barret-Joyner-Halenda (BJH) model with the Halsey equation [16] for mesopores including those with the size bordering with microrange and the Horvath-Kawazoe (HK) method for mesopores with the size close to the nanorange.
Results and discussion

Structural characterization of ZnO and ZnO/CdS coatings.
The electrodeposited ZnO films with an average thickness of 2 μm as determined from the cross-sectional SEM views were used as a wide-gap substrate for CdS deposition by SILAR. Fig. 1 shows that the zinc oxide films are formed by micro-platelets with a lateral size of 0.51.5 μm and a thickness of 100-200 nm. The micro-platelets are porous and formed by finest ZnO particles with a size of several tens of nanometers (Fig. 1b) . SEM studies show (Fig. 1c ) that deposition of CdS by SILAR even after 300 repetitions does not influence the macroscale structure of the film notably.
Developed porous structure of the electrodeposited ZnO films imparts them a high specific surface area. The N 2 absorption/desorption isotherm ( Fig. 2a) exhibits a typical IV-type shape accompanied by a H3-type hysteresis loop (accordingly to the IUPAC classification). This fact can be attributed to the dominance of mesopores formed by aggregation of ZnO NPs giving rise to slitshaped pores [17] . The surface area calculated from a linear section of the BET plot for the electrodeposited ZnO coating was found to be 105±12 m 2 g −1 , which is close to the BJH desorption cumulative surface area, 117±9 m 2 g −1 , for pores between 2 nm and 300 nm in diameter. The pore size distribution determined from the desorption branch of N 2 isotherm by the BJH method confirms the dominance of mesopores in the ZnO coatings (Fig. 2c) . The pore size distribution encompasses the range of 15-90 nm with a peak at 35−36 nm. A minor peak around 4 nm for the
ZnO/CdS sample can be attributed to the tensile strength effect with no relation to the mesoporosity [18] .
Along with the large mesopores, the Horvath-Kawazoe plot shows the presence of smaller 2−3-nm pores ( As compared with ZnO samples electron diffraction patterns of ZnO/CdS ones reveal an additional diffuse ring, the inner, medium and outer diameters of which roughly correspond to the interplane distances of 0.34 nm, 0.33 nm, and 0.32 nm (Fig. 3a) . This ring can therefore be assigned
both to the electron diffraction on the plane families (100), (002), and (101) of hexagonal cadmium sulfide and to the diffraction on the plane family (111) of cubic CdS. However, the analysis of the HRTEM images of the ZnO/CdS film with 30 SILAR cycles speaks in favor of the deposition of hexagonal CdS phase (Fig. 3c) . The interplane distance (0.316 nm) that can be observed on the image belongs to the plane family (101) of hexagonal CdS, while no such lattice parameter can be found within the scope of plane families typical for zinc oxide or cubic CdS.
The XRD pattern of the ZnO/CdS film produced after 30 SILAR cycles shows a small peak at 2Θ = 25-30° (Fig. 4 , curve 1) belonging to cadmium sulfide, while the rest of reflections originate from the zinc oxide substrate. A large spectral width of the peak caused probably by lattice disorder or/and a small volume of the coherent scattering domains in the CdS deposit as well as a low intensity of the signal prohibit unambiguous determination of the lattice type from the XRD data.
However, at the SILAR cycle number as large as 300, when a more substantial amount of CdS is deposited onto the zinc oxide surface, a proper diffraction pattern can be registered (Fig. 4 , curve 2) that can be used for CdS phase identification. Analysis of the diffractogram have revealed the existence of hexagonal CdS deposit although the presence of cubic CdS phase is also not excluded.
Apparently, the hexagonal lattice of zinc oxide serves as a crystallographic precondition for hexagonal CdS formation on early stages of deposition. The appearance of cubic CdS at large N probably can be explained taking into account the results of [19] . According to [19] , the microstructure of the chemical-bath-deposited CdS films is determined by the deposition mechanism. It has been established that the growth of the film occurs either by ion-by-ion condensation of Cd 2+ and S 2-ions or by adsorption of colloidal CdS NPs formed in the solution, depending on the deposition parameters. The former mechanism of growth results in thin hard adherent and mirror-like reflecting films, whereas the latter one yields thick flaky and diffusely reflecting films. Occurrence of different polymorphic phases of CdS (hexagonal and cubic) has been observed under different growth conditions [19] . The hexagonal polymorph is formed if successive ionic adsorption of cations and anions on the substrate is achieved (that is the case of the
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9 SILAR procedure), while predominantly cubic CdS is deposited when CdS nuclei are formed in solution. The above consideration shows that the polymorphism of CdS deposits produced by SILAR can arise from a combined nuclei formation either on the substrate surface as a result of ions adsorption or in the adjacent solution. Therefore, to avoid the latter nucleation process the substrate should be carefully rinsed with a solvent after each immersion. However, such rinsing becomes especially difficult in the case of mesoporous substrates and nanoobjects with a complex spatial configuration (nanotubes, nanorods, nanoplatelets, etc.) that can lead to formation of the cubic CdS due to a direct exchange chemical interaction between the cadmium salt and sodium sulphide dissolved in a liquid phase occluded in the growing CdS deposit.
Raman characterization of CdS nanoparticles on ZnO substrate.
Recently, we have successfully applied the Raman spectroscopy to characterize CdS NPs deposited onto the ZnO films at low-to-medium number of SILAR cycles [14] . Here we analyze evolution of the Raman spectra of ZnO/CdS heterostructures produced by SILAR at a large cycle number, N > 30.
In the studied range of the Raman shifts (165 − 1000 cm −1 ) the ZnO/CdS heterostructures produced at N ≥ 10 exhibit a peak at 300 cm −1 originating from the scattering on the CdS LO phonons [20] as well as two overtones at ~600 cm −1 and ~900 cm −1 (Fig. 5) . At N ≥ 100 a lowintensity photoluminescence background becomes detectable as a broad band with a maximum at around 2.4 eV and a spectral width of ~0.2 eV (Fig. 5, inset) . The rise of the photoluminescence band indicates a lower contribution of the non-radiative recombination processes at the ZnO/CdS boundaries when increasing the N.
As discussed in [14] , at low N the CdS LO band peak is shifted to higher Raman shifts as compared with the bulk cadmium sulfide, most probably due to compressive stress in CdS NPs.
Large values of CdS LO band FWHM at low N are determined by essential impact of surface on the phonon scattering in small nanoparticles, as well as an enhanced influence of anharmonicity of
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10 atomic oscillations on phonon decay in the deformed CdS lattice. At N ≥ 100 the LO band position was found to be almost independent of the SILAR cycle number (Table 1) . Therewith, the spectral parameters influenced by disorder in CdS NPs, i.e. a width of LO band and an intensity ratio of the SO band to LO band, vary only slightly with increasing the cycle number at N ≥ 100. This observation is in accordance with the preservation of small size of coherent X-ray scattering domains at large N as well as with constancy of the Urbach energy in a broad N range (see discussion below).
Photoelectrochemical properties of CdS NPs on ZnO substrate.
The IPCE spectra of the ZnO/CdS electrodes are shown in Second, a distinct red shift of the long-wavelength edge of photosensitivity with increasing the SILAR cycle number is observed. The corresponding band gaps E g of the cadmium sulfide in the ZnO/CdS heterostructures were determined by extrapolating the (Y×h) 2 -h dependences to the abscissa axis (Fig. 6b) . Table 2 illustrates the relationship between E g and the SILAR cycle number.
The E g values in the range from 2.79 to 2.56 eV at N = 5-10 are higher than the band gap of bulk cadmium sulfide due to the quantum confinement effect for CdS NPs. The quantum confinement effect for CdS at a small number of SILAR deposition cycles has been observed many times [21, 22] . Particularly, the paper [21] revealed that the increase of N from 3 to 9 is accompanied by the increase of the average CdS particle size from 2.7 nm to 4. In paper [13] it was argued that the red shift is not due to a change in bandgap of the CdS layer but rather to a pronounced sub-bandgap tailing, which is amplified by the high surface area in the composite CdS/ZnO film heterostructure. Our current research work shows that along with the fundamental absorption responsible for the linear part of the (Yh) 2 -h dependences, the exponential dependence of Y on the quantum energy can be observed in the long-wavelength range of the spectra (Fig. 6c ). This absorption, as well as fundamental absorption, causes photogeneration of holes and electrons with further transfer of photoelectrons in ZnO conduction band (Fig. 7) .
Anodic photocurrent generated by ZnO/CdS heterostructure in such process hereinafter is denoted as sub-band-gap (SBG) photoelectrochemical process.
Assuming proportionality between IPCE (Y) and absorption coefficient α, the exponential tail of the Y spectrum indicates that the edge of the absorption spectrum of CdS NPs obeys the Urbach law [26] :
where α 0 is a constant, E U is the Urbach energy that reflects structural disorder and defectness of a semiconductor.
The electrodeposited zinc oxide exhibits E U = 196 meV ( [29, 30] , 100 meV [31] , 85-120 meV [32] , 90−100 meV [33] . The large Urbach energy evaluated in the present work indicates a high structural and energy inhomogeneity of the electrodeposited ZnO films and correlates with their mesoporous structure. Table 2 generation area and ZnO substrate [22] . The latter assumption is strongly supported by the effect of CdS photoluminescence enhancement observed experimentally with the increase of N (Fig. 5 ).
Under illumination with monochromatic green (λ = 530 nm) and red (λ = 625 nm) light photocurrent increases in a much broader SILAR cycle number range -till N = 100 and only at higher N a decrease of photocurrent is observed (Fig. 8, curves 2 and 3) . As it will be shown below, the illumination of CdS by red and green light results exclusively in a sub-band-gap photoelectrochemical activity. CdS NPs have a small absorption coefficient below the band gap and therefore SBG absorbance increases without saturation in a much broader N range (till N = 100) as the thickness of the CdS layer increases. However, in the case of comparatively thick sensitizer layers (N > 100) the photocurrent generation efficiency is also limited by the recombination losses on the inter-crystallite interfaces.
To shed more light on difference between the band-gap and sub-band-gap photoelectrochemical processes in ZnO/CdS heterostructures, we have analyzed photocurrentpotential curves registered under monochromatic illumination of the ZnO/CdS electrodes (Fig. 9) .
The experiments were focused on the ZnO/CdS samples with large SILAR cycle number (N = 300) as such samples exhibit pronounced shift of red threshold of photoelectrochemical activity with respect to the band gap of bulk CdS.
The onset potential of the ZnO/CdS electrodes illuminated by comparatively high-energy quanta ( = 400 nm; h = 3.10 eV) is observed at E on = -900 mV. When electrode is illuminated by a lower-energy light flux − green ( = 530 nm; h = 2.34 eV) and red ( = 625 nm; h = 1.98 eV), the onset potential is shifted to the less negative values of E = -850 mV and -800 mV, respectively.
The E on value can be used for determination of the band edge positions of semiconductor electrodes (in particular, the conduction band bottom for n-type semiconductors) [35] . Illumination of CdS
NPs with the quanta larger than the band gap (h  E g ) results in interband electron transitions. In this case E on = -900 mV can be adopted as an approximate conduction band edge (E c ) expressed in terms of the electrode potential scale. On the other hand, illumination of CdS NPs with h = 1.98 eV (red light) can't initiate the interband electron transitions. Obviously, in this case photoelectrochemical processes go on with the participation of the charge carriers generated in the defect states tailing into the band gap (Fig. 7) . It can be concluded, therefore, that the electron states in the band gap have more positive electrode potentials (up to 100 mV) than the conduction band edge. Noteworthy the illumination of the ZnO/CdS electrodes by green light with  = 530 nm (2.34 eV) also shifts the onset potential (for 50 mV, as compared to E c ) despite the fact that the excitation energy in this case exceeds the derived CdS E g value (2.30 eV). The nature of this fact is explained below.
In paper [13] it was argued, that optical effects due to light scattering may be important in explaining the red-shifted spectrum. Scattering in a totally nonabsorbing film will not lead to any absorption, but it can only increase an already existing absorption in sub-band gap tailing. Such absorption in a transparent film was essentially not noticeable and becomes much stronger in the scattering one. When E g is derived from the photocurrent spectra, it is assumed that the photocurrent is directly proportional to the number of absorbed photons in the analyzed wavelength
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15 range. A portion η abs of the absorbed quanta from the light flux travelling through a medium containing k absorbing particles can be expressed as
where A is the optical density of a single absorbing particle. It is obvious that the scattering can affect the photocurrent spectra by increasing the apparent number k in equation (2) .
Within the scope of fundamental absorption for direct transitions eq. (2) can be expressed as
where d is the particle size, С is a constant independent of the quantum energy [36] . The C constant can be estimated using the reported in [37] Hence, the effect of multiple light scattering can result in lowered apparent E g values derived from the parabolic dependences typical for the direct electron transitions. In this view, the band gap estimated from the photocurrent spectra by such methodology should be considered as an effective value shifted to lower energies owing to the multiple light scattering. 
Conclusions.
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